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ABSTRACT 

 
Cu(In,Ga)Se2-based (CIGS) solar cells have achieved 
efficiencies up to 20%. Despite these excellent results, the 
understanding of the underlying mechanisms and the 
influence of defects on their performance is still 
incomplete. The determination of the energetic position of 
the defects and of their density of states is important. 
Admittance spectroscopy is an adequate technique for 
this. 
 
By varying the external voltage during the measurement, 
the spatial position where the defect distribution is sensed 
can be varied. However, the application of external biases 
can lead to metastable effects in the absorber and 
therefore to defect relaxation and changes in the doping 
distribution. Hence, it is important to separate between the 
effects caused by metastable changes and the change in 
sensing position of the admittance spectroscopy 
measurement. This can be achieved by varying the 
applied voltage during the creation of the metastable state 
and the measurement itself independently or 
simultaneously. 
 
Admittance spectroscopy under different bias voltage 
conditions performed on a flexible CIGS-based solar cell 
are presented and assessed. 
 

INTRODUCTION 
 
Cu(In,Ga)Se2-based (CIGS) solar cells have achieved 
efficiencies up to 20%. Despite these excellent results, the 
understanding of the underlying mechanisms and the 
influence of defects on their performance is still 
incomplete. The determination of the energetic position of 
the defects and of their density of states is important.  
 
Admittance spectroscopy is one of the techniques which 
allows to gain insight in the energetic position and the 
density of states of the defects present in a solar cell 
device. The technique is based on the analysis of 
capacitance measurements as a function of frequency and 
temperature and yields information about the defect 
density at the spatial position where the defect level 
intersects the Fermi level. Often defect distributions rather 
than discrete defect levels are present. A convenient way 
to interpret admittance measurements performed under 
zero bias conditions on samples exhibiting defect 
distributions has been introduced by Walter et al. [1]. This 

technique is based on calculating the derivative of the 
capacitance with respect to the measurement frequency 
and results in a graph of the defect density as a function of 
the defect level energy. This technique has recently been 
extended to non-zero bias conditions [2] which enhances 
its applicability, helps to improve and assess the accuracy 
of the results [3] and enables to extract additional 
information from the measurements.  
 
CIGS-based solar cell absorbers often exhibit large non-
uniformities. Some of these are even intentionally 
introduced, e.g. band gap grading by varying the In/Ga 
ratio [4]. Hence it is interesting to measure the defect 
density at various positions in the absorber. This is 
possible by changing the position of the Fermi level by 
applying an external bias voltage. 
 
Native defects in Cu(In,Ga)Se2 are a source of metastable 
effects [5] which are induced by illumination or by the 
application of an external bias voltage. Various admittance 
spectra measured with different external biases applied 
are hence mutually different not only because the defect 
density is measured at a different spatial position but also 
because defect relaxation can have changed the defect 
distribution. It is important to be able to separate the 
effects originating from grading and from metastable 
effects. 
 

THEORY 
 
The technique developed by Walter et al. [1] extracts the 
defect density distribution as a function of the defect 
energy level from the derivative of the capacitance to the 
(logarithm of the) measurement frequency. 
 
A certain defect level can only be detected by admittance 
spectroscopy when the Fermi level intersects the defect 
level. The position in the sample where this intersection 
occurs is dependent on the applied voltage and the band 
bending. The energy Eω which is measured in admittance 
spectroscopy corresponds to the energetic distance of the 
defect level to the closest band gap edge (unless the 
capture cross sections are very asymmetric). 
 
In order to calculate the defect density from the derivative 
of the capacitance an assumption on the band bending is 
necessary. For CIGS-based solar cells it is adequate to 
assume parabolic band bending [2, 3]. In this case, the 
position of the defect energy level with respect to the 
valence band is given by Eq.(1) and shown in Fig. 1. The 
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defect density can be calculated from the derivative of the 
capacitance according to Eq.(2). 
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Assuming an n+p hetero-junction, EFn∞ represents the 
Fermi level position in the bulk of the n-side of the 
junction. V represents the applied bias voltage, Vbi the 
built-in voltage, q the elementary charge, w the depletion 
width and x the position in the sample. Nt represents the 
defect density and C represents the capacitance 
measured with a test signal with an angular frequency ω. 

 
Figure 1: Schematic band diagram of a CIGS solar cell 
with an applied voltage V. The defect energy Eω , Eq. 
(1), sensed by admittance spectroscopy at several 
positions is indicated with green arrows. 
 
Eq. (1) expresses all combinations of defect energy level 
values and the positions at which these defects are 
detected when the defect level is located close to the 
valence band. When the defect is located close to the 
conduction band it is more likely that the defect state gets 
charged/discharged from/to the conduction band. The 
defect energy Eω which will be sensed will then no longer 
correspond to the distance between the valence band and 
the hole Fermi level, but rather to the distance between 
the conduction band and the electron Fermi level and is 
given by Eq.(3). Eq.(2) remains valid. 
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An overview of the combinations of Eω  and x which can be 
measured at a certain bias voltage is given in Fig. 2. 
 
If the defect level is located close to the valence band, the 
position at which it is detected approaches the buffer-
absorber interface when the applied bias voltage is 
increased. If the defect level is located close to the 
conduction band, this position moves towards the 
absorber bulk. 

 
Figure 2: Overview of the position x where a defect 
level Eω is detected, according to Eq.(1) (close to EV, 
red solid lines) and Eq.(3) (close to EC, blue dashed 
lines). Calculation made assuming Eg=1.1eV; 
EFn∞=0.9eV; Vbi=0.75eV; w=0.4µmHHHH(Vbi-V)1/2. V=-0.4V 
→→→→ 0.4V. 
 

METASTABLE DEFECT BEHAVIOUR 
 
The metastable changes in capacitance measurements 
can be assigned to thermally activated changes in the 
configuration of defects, where each configuration exhibits 
its own specific defect energy levels. The most important 
origins of metastabilities in the CIGS material system are 
the (VSe-VCu) complex and the (InCu-nVCu) complexes [6, 
7]. As these changes in the configuration of the defect are 
thermally activated, they can be changed by varying the 
illumination conditions and applied voltage during an initial 
treatment at elevated temperatures. The distribution over 
the different configurations can then be assumed to 
remain constant when cooling down the sample. This 
distribution is governed by the capture cross-sections and 
activation energies of the processes involved in the 
transitions between the two configurations. From detailed 
balance calculations, a transition energy can be calculated 
which has similar properties as the defect level energy of a 
regular defect level. If the Fermi level energy during the 
initial treatment is above this transition energy, most of the 
defects will be in the acceptor configuration. If the Fermi 
level energy is below, most of the defects will be in the 
donor configuration, the fraction of defects still in the 
acceptor concentration decreases exponentially with the 
distance between the Fermi-level energy and the transition 
energy. As a result, the transition region from acceptor to 
donor configuration is very narrow.  
 
At a certain position x in the sample the fraction of 
metastable defects in the acceptor configuration depends 
on the Fermi level position during the initial condition. The 
defect energy which can be detected at this position 
depends on the Fermi level position during the 
capacitance measurement. There are three main 
approaches which each give different information about 
the sample. 
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The most straightforward approach is to keep the sample 
in the same metastable state (same initial condition) and 
perform C-f-measurements with different bias voltages 
applied. In this case one gets the defect distribution at 
several positions for one given distribution of the 
metastable defects. The fraction of defects in the acceptor 
/donor configuration at a given position remains constant. 
Differences between the different measurements in this 
case are due to spatial variations in the defect density and 
in the spatial distribution of the metastable defects over 
acceptor and donor configuration. When the activation 
energy of the configurational change is low however the 
metastable state can have changed even at low 
temperatures.  
 
A second approach is to vary the metastable state of the 
defects, whilst performing the measurements at one and 
the same bias voltage. Ideally this should give an insight in 
how the distribution of the defect of over acceptor and 
donor configuration varies at a certain position. However, 
as a difference in the metastable state of the defects 
changes the band bending in a sample, the assumption 
that all measurements yield information about the same 
positions is not always valid and difficult to verify. 
 
A third approach is to vary the voltage during the initial  
condition and the measurement simultaneously. A main 
benefit of this approach is the certainty that the metastable 
state is conserved even if some activation energies are 
low. Moreover it allows to access the total defect density 
of the metastable defect, independent of the local 
distribution over the acceptor donor configuration. 
Consider e.g. a defect level belonging to the acceptor 
configuration of a metastable defect. This defect level can 
be detected using admittance spectroscopy at the position 
where its energy level intersects the Fermi level position. 
As the admittance is measured under the same conditions 
as the initial condition, this Fermi level position is 
determining the fraction of defects in the acceptor 
configuration as well. Hence for each measurement, the 
difference between the transition energy and the initial 
Fermi level energy is the same at the position where the 
defect density is sensed, and thus the fraction of defects in 
the acceptor state remains constant in all measurements. 
This way variations in the total metastable defect density 
can be measured independent of the metastable 
distribution between acceptor/donor configuration 
throughout the sample. 
 

EXPERIMENTAL 
 
Admittance measurements were performed on a flexible 
CIGS solar cell device (η>15%) manufactured at EMPA. 
The sample was mounted in a N2-coolable cryostat 
varying the temperature between 100 and 360K in steps of 
20K. The frequency was varied from 100Hz to 10MHz. 
Data points which are hampered by parasitic network 
elements [8] or with an admittance phase angle smaller 
than 10° have been discarded. 

In a first measurement run (Fig. 3) the initial state of the 
sample was the same for all measurements (no 
illumination, bias voltage Vinit = 0.0V) but the bias voltage 
for the individual measurements (Vmeas) was varied 
between -2.0V and 0.6V. 
 
In a second run (Fig. 4) the initial state was obtained by 
keeping the sample at reverse bias (-0.5V and -1.0V) 
without illumination. During measurement the applied bias 
voltage was kept constant to this value (Vinit = Vmeas). 
 

RESULTS AND DISCUSSION 
 
As the initial state of all measurements in the first 
measurement is identical, it can be used to determine all 
parameters needed in Eq.(2). This results in Vbi = 1.06eV 
and EFn∞ = 0.9eV [3].  
 

 
Figure 3: Overview of the apparent defect density 
measured with the same initial state at different bias 
voltages: -2.0V; -1.5V; -1.0V; -0.5V; 0.0V; 0.3V and 
0.6V. [3]. Each curve is the result of several 
measurements at different temperatures, merged 
using a dedicated algorithm. The steep descent at 
Eω<0.07eV is due to series resistance. The oscillations 
in the curve at high values of Eω and at low voltage 
are due to the merging algorithm. Significant peaks 
are indicated with a circle, less significant peaks with 
a square. 
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Figure 4: Overview of the apparent defect density 
measured with an applied bias voltage of -0.5V (blue) 
and -1.0V (green). The measurements with the same 
initial state, but different measurement bias voltage 
are drawn in dashed lines (see Fig. 3), the 
measurements where the bias during measurement is 
the same as in the initial state are drawn in solid lines. 
The red dash-dotted curve corresponds to the solid 
green curve with EFn∞ = 0.6eV instead of 0.9eV. The 
peaks at Eω<0.07eV are due to series resistance. The 
steep descent at high values of Eω is due to the 
merging algorithm. 
 
In Fig. 3, a defect level is visible with Eω.0.1-0.2eV when 
Vmeas ≥ -1.0V. Eω decreases with increasing applied 
voltage. This energy region corresponds with capacitance  
measurement in the 160-240K region. 
 
The apparent defect density which is measured is strongly 
dependent on the initial and measurement bias voltage. 
The origin of the variation in the measurements can be 
explained assuming the defect to be the donor 
configuration of a DX-like metastable defect [7]. 
 
The donor configuration of this metastable defect exhibits 
a defect level close to the conduction band. The acceptor 
configuration is associated with a mid-gap level. The 
transition between the two configurations occurs at the 
point where the Fermi level during the initial state is 
approximately 0.9eV above the valence band, hence very 
close to the interface. The transition region between both 
configurations is very narrow. 
 
As a result, when the Vmeas is large enough, the Fermi 
level will intersect the donor defect level and the defect 
can be detected. Under reverse measurement voltages, 
the intersection of the Fermi level with this energy level 
occurs in a region where the acceptor configuration is 
present instead of the donor configuration, and the defect 
level can not be detected. The change in defect level 
energy can be explained by the band gap grading, due to 
a large Ga grading in the sample near the interface [4]. 
The defect density for measurements with an initial state 
at 0.0V is much larger than for the measurements with a 
reverse voltage during the initial state. When the activation 
energies related to the configurational change are large 
this behavior is not expected as the width of the region in 
the acceptor configuration is larger for more positive 
voltages during the initial state. For the DX-metastability 
however the activation energy for electron capture can be 
small (assuming a band gap of 1.04eV, a pinning energy 
of 0.92eV and a activation energy of 0.32eV for electron 
emission [7], an activation energy of 0.08eV for electron 
capture is calculated from detailed balance 
considerations). Due to this low activation energy the 
metastable state can still change at lower temperatures. 
As the measurements in Fig. 3 were performed with 
increasing voltage at the different temperature steps, the 
metastable state of the defect can have been altered to a 

lower voltage initial state, leading to an increase of the 
measured defect density. 
 
Comparing the measurements with Vinit = Vmeas, we expect 
no difference unless the total defect density (donor + 
acceptor) varies spatially. This behavior is not obvious in 
Fig. 4, at low energy values the apparent defect density 
differs for the different voltage conditions. As the 
metastable state is not equal however, Vbi and EFn∞ should 
not be equal as well, which influences the calculated 
apparent defect density. Changing the value of EFn∞ from 
0.9eV to 0.6eV (red dash-dotted curve in Fig. 4) leads to a 
better agreement for low energies and confirms the 
similarity of the different curves with Vinit = Vmeas. Hence no 
spatial variation of the total defect density is observed 
from these measurements. 
 

CONCLUSIONS 
 
Additional information about grading and metastable 
effects can be gained by performing admittance 
spectroscopy under different bias voltages. It is important 
to discriminate between effects due to the grading and due 
to metastabilities. This can be achieved by varying the 
applied voltage during the initial state (whilst creating the 
metastable state of the defect) and during the 
measurement independently or simultaneously. 
 
Admittance spectroscopy measurements performed under 
different bias voltages on a flexible CIGS solar cell 
indicate the presence of a metastable defect level around 
0.1-0.2eV. This level could be assigned to a donor 
configuration state of an intrinsic DX center. The influence 
of band gap grading is visible in a shift of the activation 
energy with applied voltage, a spatial variation in the 
defect density could not be detected.  
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